In this study, a new technique was developed using rapid ultra-performance liquid chromatography (UPLC)-based separation coupled with electrochemical detection by a boron-doped diamond (BDD) electrode for the detection and quantification of three commonly used parabens (methylparaben (MP), ethylparaben (EP) and propylparaben (PP)). We aimed to reduce the analysis time by using UPLC coupled with a short reverse phase C 18 monolithic column (25 mm × 4.6 mm). Operating the monolithic column at low back-pressure resulted in high flow rates. A mobile phaseconsisting of a 25:75 (v/v) ratio of acetonitrile: 0.05 M phosphate buffer (pH 5) at a flow rate of 2.5 mL·min −1 was used to perform the separation. The amperometric detection with the BDD electrode was found to be optimal and reliably reproducible at a detection potential of 1.5 V vs. Ag/AgCl. Under these conditions, the separation of the three targetanalytes (MP, EP and PP) was achieved in 2 min and was linear within a sample concentration range of 0.1 to 50.0 mg·L −1 (r 2 values of 0.9970, 0.9994 and 0.9994 for MP, EP and PP, respectively). This method was successfully applied to determine the concentrations of each parabeninsix real samples with therecoveries ranging from of 80.3% -98.9% for all three parabensfrom samples spiked at 12, 22 and 32 mg·L −1
Introduction
Parabens (4-hydroxybenzoic acid esters) are synthetic chemical preservatives used in a wide range of cosmetic, food and pharmaceutical products because they are broad spectrumantimicrobial and antifungal agents with a low toxicity to humans, have a good in situstability and are non-volatile [1] . The key to the bioactivities of parabens is their inhibition of membrane transport and mitochondrial function processes [2] . The antimicrobial activities of the different parabensappear to increase with increasing chain length, as length are accompanied with a concomitant reduction in water solubility [3] . In this work, the separation and quantification of three commonly used parabens, methylparaben (MP), ethylparaben (EP) and propylparaben (PP) (Figure 1) , were proposed. These three parabens were selected because they are the most frequently use din cosmetic products (e.g., creams, skin lotions or gels). Moreover, MP and PP are often used together due to their synergistic effects [3] , requiring the ability to separate and quantify them from 
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Chromatography-Electrochemical Detection 22 mixed sources. The European Economic Community (EEC) permits the use of parabens in cosmetics with a maximum total paraben concentration of 0.8% (w/w) and 0.4% (w/w) for any single paraben [4] . Likewise, the maximum concentration for parabens in foods is set at 0.1% (w/w) and in pharmaceuticals at 1% (w/w) [5, 6] . Based on several estimates, the total average paraben exposure for humans is 76 mg·day −1 or 1.3 mg (kg body weight) −1 ·day -1 which is derived from estimated exposure (intake) levels from cosmetics and personal products (50 mg·day ) [7] . Normally, parabens have a low toxicity because of their rapid in vivo hydrolysis. However, recently, there are an increasing number of reports on the weak estrogenic activity of parabensand reports that parabens can bind to estrogen receptors, which could potentially mediate some undesirable intermediate effects [8] [9] [10] [11] . Furthermore, the detection of some parabens in both human breast tissue and human milk has been reported [12, 13] . Hence, it is important to develop a reliable but quick and high-throughput method for the determination of parabens in real samples that retains sensitivity for low levels of detection. This technique would also require a broad enough linear detection range to logistically allow quantification of these parabens.
Several analytical methods for the detection and quantification of parabens have already been developed. Chromatographic methods are widely used, especially highperformance liquid chromatography (HPLC) [14] [15] [16] [17] [18] and gas chromatography (GC) [13, [19] [20] [21] [22] . Use of flow injecttion methods has also been reported [23, 24] . These techniques are coupled with standard detection methods, most often ultraviolet (UV) detection [14] [15] [16] [17] [18] , but chemiluminescent (CL) [23, 24] and mass spectrometric (MS) detection [13, 14, 19, 21, 22] have also been reported. Capillary electrophoresis [1, 25] has also been reported. However, all of these methods are time-consuming, and some require that the samples are concentrated prior to the experiment. In addition, UV detection has a high limit of detection (LOD), CL detections are often unreliable due to inconsistencies in chemiluminescent generation and MS detection requires a high cost for the equipment and skilled operating labor.
In the last few years ultra-performance liquid chromatography (UPLC) has emerged [26] [27] [28] [29] . UPLC offers several advantages for separation, such as using a smaller particle column and/or higher flow rates for increased speed. UPLC can operate at a much higher pressure of 1000 bar (15,000 psi), which reduces the analysis time and thus allows for a higher sample throughput.
In addition, the use of a short monolithic columns has also been reported [15, 30] , based on the new sol-gel technology. The monolith particles consist of a high density of macropores, so monolithic columns have a much higher porosity (approximately 15%) than conventional particulate columns. As a consequence, the resulting column back-pressure is much lower, allowing operation at higher flow rates [31, 32] . Moreover, the mesopores structure provides a very large active surface area for high efficiency separations. The reduced length and characteristics of the monolithic column are the important keys. The length of the column has been minimized, resulting in a reduced distance to transfer the analytes in the column.
Electrochemical detection (ECD) is an alternative method used here for the determination of parabens. A few electrochemical methods have already been reported that have the advantages of good sensitivity, low cost and simplicity [33, 34] . In the past, a glassy carbon working electrode was used for the determination of parabens at low levels (µg·mL
) [34] . However, in this work, a boron-doped diamond (BDD) working electrode was evaluated. Compared with ordinary electrodes, BDD electrodes present many benefits, such as the wide potential window (up to 3 V), very low and stable background current, longterm response stability and absence of fouling [35] .
Thus, the purpose of this research was to develop a rapid, highly sensitive and accurate UPLC method coupled with electrochemical detection using a BDD electrode for the simultaneous determination of three commonly used parabens, MP, EP and PP, in real food, cosmetic and personal care product samples.
Materials and Methods

Reagents and Solutions
Methylparaben, Ethylparaben and Propylparaben were obtained from Sigma-Aldrich (Steinheim, Germany). Acetonitrile (HPLC-grade), methanol, ortho-phosphoric acid (85%) and di-sodium hydrogen phosphate dehydrate were obtained from Merck (Darmstadt, Germany). Potassium dihydrogen phosphate was acquired from BDH laboratory supplies (VWR International Ltd., England). Water purification conducted using a Millipore Milli-Q purification system (R ≥ 18.2 M·Ω·cm ) was used throughout.
A stock standard solution of each of the three parabens (1000 µg/mL) was prepared by dissolving 10 mg of each paraben in 10 mL of a 1:1 (v/v) ratio acetonitrile: Milli-Q water in a volumetric flask. The solutions were then placed in an amber bottle and stored at 4˚C. The working solutions were prepared by suitable dilution of the stock standard solutions in the same solvent.
trode configuration including a BDD working electrode, a platinum counter electrode and an Ag/AgCl reference electrode in 3 ml of 0.05 M phosphate buffer (pH 5.0), initially evaluated at various pH values between 4.0 and 8.0 and subsequently at the optimal pH 5.0, in a volume of 3 mL.
UPLC Experiment and Apparatus
UPLC was performed using a Shimadzu LC-20ADXR UFLC equipped with high-pressure binary pumps and a Chromolith ® Flash RP-18 endcapped column (25 mm × 4.6 mm) from Merck (Darmstadt, Germany). An electrochemical detector consisted of a CH Instrument potentiostat and a BDD electrode as the amperometric detector in a thin layer flow cell (GL Sciences, Inc.). The UPLC-ECD system utilized 25:75 (v/v) ratio acetonitrile: 0.05 M phosphate buffer (pH 5) as the mobile phase with an applied potential of 1.5 V vs. Ag/AgCl and a flow rate of 2.5 mL·min
. The experiments were performed at 25˚C.
Electrochemical Measurement
The thin-layer flow cell consisted of three electrodes: a BDD working electrode, an Ag/AgCl reference electrode (Bioanalytical System, Japan) and a stainless steel tube counter electrode. The geometric area of the BDD electrode in the flow cell was estimated to be 0.42 cm 2 with a 1 mm thick silicon rubber gasket as a spacer. An electrochemical analyzer (CHI1232a, CH-instrument, USA) was used for amperometric control and signal processing.
Sample Preparation
The six real samples that were analyzed are presented in Table 1 . Samples A, D and E were extracted with 2.5 mL of methanol. The mixture was extracted by sonication for 15 min in an ultrasonic bath (ESP chemicals, Inc., MA, USA), whereas samples B, C and F were extracted in methanol by vortexing for 3 min in a vortex mixer (Mixer Uzusio LMS. Co. Ltd., Japan). All the mixtures were then clarified by centrifugation (Cole Parmer, USA) ). Samples were filtered through a 0.22 µm nylon membrane filter before injection into the UPLC-ECD system.
Data Analysis
Standards and samples were analyzed, and peak areas were integrated. Standard curves were obtained by plotting the net peak area as a function of the analyte concentration and fitting the data to a linear equation. To compare the two measurement systems, which are supposed to be equivalent, the results were tested using the paired t-test.
Results and Discussion
Cyclic Voltammetry
The electrooxidation behavior of methylparaben (MP), ethylparaben (EP) and propylparaben (PP) were first investigated by cyclic voltammetry at the BDD electrode. Preliminary trials established that a 0.05 mol·L −1 phosphate buffer was an optimal supporting electrolyte for paraben detection because it provided the lowest background current (data not shown). ) were then investigated by cyclic voltammetry at the BDD electrode. Figure 2 shows the relationships between the current obtained from three parabens and the buffer pH.
For all three parabens, the best operating current was obtained at pH 5. An equivalent or greater current was observed at pH 8, but high pH values will dissolve the 24 silica and cause an increased void volume in the column. Therefore, 0.05 mol·L −1 phosphate buffer at pH 5.0 was selected for all subsequent work.
UPLC Separation
The separation of MP, EP and PP (each at 10 mg·L . The optimal (v/v) ratio of acetonitrile: 0.05 mol·L −1 phosphate buffer pH 5 was determined to be 25:75 (Figure  3(a) ). As the acetonitrile concentration decreased, the resolution of the three parabens increased. However, this was at the cost of an almost three-fold longer elution time. Nevertheless, the monolithic column has a total porosity greater than 80%, so a higher flow rate could be achieved without a loss of resolution.
Thus to confirm this, an increased flow rate of 2.5 mL·min −1 was evaluated, and it yielded a good separation of the three parabens within a much shorter elution time of 2 min (Figure 3(b) ).The retention time of the three parabens was 0.6, 0.9 and 1.8 min for MP, EP and PP, respectively, and this time was dependent on the polarity of the species, as expected.
UPLC Column Type
A comparative study on the column performance between a microparticle C 18 packed column (Shim-pack XR-ODS II) and two reverse C 18 monolithic columns (Chromolith ® Performance and Chromolith ® Flash) was performed. The retention times for the three parabens by UPLC-ECD varied significantly between the three different columns (Table 2) , with the C 18 monolithic column under these conditions having by far the fastest analytical speed. The shim-pack XR-ODS II C 18 packing column, which generated the highest back-pressure, had a longer elution time than the short C 18 monolithic column (Chromolith ® Flash RP 18), whereas the extended monolith column had a longer time than the short column. Thus, the Chromolith ® Flash RP-18 column, which is very short and perfect for ultra-fast analysis, was selected as the most suitable column when speed of the analysis is an important factor.
found to be significantly affected by the detection potentials. The i-E curve for the three parabens, shown in Figure 4 , demonstrates an increase in current as the applied potential increased up to 1.5 V, followed by a decrease in current at 1.6 V vs. Ag/AgCl due to the high background current when operating at higher potential. Thus, a detection potential of 1.5 V vs. Ag/AgCl was selected as the optimal potential for the amperometric detection of these three parabens.
Analytical Performance
The calibration of the obtained chromatograph peak areas against the respective paraben concentrations were plotted (data not shown), and a linear relationship was determined for all of the three parabens within the range of 0.1 to 50 mg·L −1 , with coefficients of determination (r 2) ≥0.997 for the three parabens ( Table 3 ). The calculated LOD and LOQ values from this data, using 3 S/N to 10 S/N, respectively, were the same for all three parabens (Table 3) , and the values compare well with those that have previously been reported using different methods [33] .
Application to Real Samples
The proposed method was applied to six different samples, derived from food, personal care and cosmetic products (two each, see Table 1 ) that were purchased from local supermarkets. The chromatograms for the six real samples are presented in Figure 5 , where it demonstrated that the matrix compounds do not interfere with the analytes. The peaks were identified by comparison with the three paraben standards, and the results are Table  1 .
summarized in Table 4 , along with the analysis of the same samples by the standard UPLC-UV detection mehod, for comparison. t a Sample codes are as in Table 1 , Data are shown as the mean ± 1 SD, and are derived from 3 independent repeats.
However, the actual paraben levels in the samples were unknown. For a direct comparison with the UPLC-UV method, the results obtained using UPLC-ECD and standard UPLC-UV were compared by a paired-t-test for three samples that were spiked with different known paraben concentrations (12, 22 and 32 mg·L −1 to represent a low, medium and high level, respectively). The critical t-value (2.5706) was significantly higher than the experimental t-values between the two pairs of assays. Using the UPLC-ECD method, the t-values for MP, EP and PP were −0.7408, 2.4752 and 1.9383, respectively, for a spiked sample at 12 mg·L −1 For a spiked sample at 22 mg·L , tvalues were −0.5355, −0.4202 and 2.1222, respectively. There were no significant differences between the two assay methods at all three spiked concentrations. Thus, the results obtained from the developed method can be accepted.
The precision of the UPLC-ECD method was then validated by calculating the relative standard deviations (RSD) from triplicates using the same three paraben concentrations as above (12.0, 22.0 and 32.0 mg·L −1 , or low, medium and high). The precision and accuracy data for the three parabens in the six samples are summarized in Table 5 . The inter-day precision levels were in the range of 0.3% -4.9%, 1.0% -4.8% and 1.9% -4.9% for MB, EB and PB, respectively. The intra-day precision levels were very similar, ranging from 0.4% -4.9%, 2.2% -4.8% and 0.7% -4.9% for MB, EB and PB, respectively. The inter-day recoveries were in the range of 80.3% -96.6%, 81.1% -94.4% and 83.2% -96.5% for MB, EB and PB, respectively, and the intra-day recovery levels were also similar at 80.3% -96.0%, 80.4% -96.5% and 81.6% -98.9% for MB, EB and PB, respectively. Thus, this method was demonstrated to be reproducible over time.
Conclusion
In this work, a method for the rapid analysis of three commonly used paraben preservatives (MP, EP and PP) by UPLC coupled with ECD using a BDD electrode was successfully developed. Particular attention was focused on the use of a monolithic column coupled with a UPLC instrument for fast separation that arose from an increased flow rate (reducing evaluation time) without a loss of resolution. In addition, the innovative ECD system using a BDD electrode, with an optimal potential of 1.5 V vs. Ag/AgCl, yielded a high degree of reproducibility, based on % RSDs for the intra-and inter-assays below 5%. Analysis time was 2 min or less. This method was applied to six real samples, two each of food, personal care and cosmetic products and was found to yield acceptably similar results as the standard UPLC-UV method for detection of the three test parabens. Both methods provided a high speed of separation, however, the proposed method improved the efficiency of these preservatives in terms of better sensitivity when compared to the standard method. In conclusion, UPLC-ECD using a BDD electrode was proved to be an attractive alternative method for detection of parabens in real samples. Table 1 , Data are shown as the mean ± 1 SD, and are derived from 3 independent repeats.
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